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ABSTRACT 

We confirm the detection of the relativistically broadened iron Ka emission at 6.4 keV with simultaneous Chan- 
dra HETGS and RXTE PCA observations. Heavily binned HETGS data show a disk line profile with parameters 
very similar to those previously seen by ASCA. We observe a resolved narrow component with a velocity width 
~ 4700 kms -1 (FWHM - ll,000kms _1 ), that is most prominent, and narrower (FWHM - 3600 kms" 1 ) when the 
continuum flux is high. It plausibly is just the blue wing of the broad line. We obtain a stringent limit on the 
equivalent width of an intrinsically narrow line in the source of 16 eV, indicating little or no contribution due to 
fluoresence from distant material such as the molecular torus. Variability studies of the narrow component show a 
constant iron line flux and variable width indicating the line may be originating from different kinematic regions 
of the disk. 

Subject headings: galaxies: active; quasars: general; X-ray: general; individual MCG-6-30-15 



sess the narrow diskline component of the relativistically broad- 
ened Fe Ka emission and place limits on any intrinsically 
narrow core from distant (e.g. torus) material. Because the 
torus is very distant from the central black hole, we expect 
any line(s) arising from this region to have velocity widths 
<< 2500 kms" 1 FWHM (the width of the Balmer lines in 
MCG-6-30-15; Reynolds et al. 1997), and therefore not likely 
to be resolved by the HETGS (AA ~ 1800 kms -1 at the iron 
Ka energies). We also apply the same procedure to the data as 
was applied to the ASCA data in T95, thereby clearly revealing 
the broad component in the Chandra data. 

2. OBSERVATIONS 

MCG-6-30-15 was observed with the Chandra High Energy 
Transmission Grating Spectrometer (HETGS; Canizares et al. 
2002, in preparation) from 2000 April 5-6, and again from 
2000 August 21-22 (Fig. 1). The total integration time was 
~ 125 ks. The source varied by ~ 50% during each obser- 
vation. Simultaneous RXTE observations were made between 
2000 April 3-9, with 30 ks of usable data. 

We reduce the spectral data from LI (raw unfiltered event) 
files using IDL processing scripts which are similar to the stan- 
dard CIAO processing. A more complete description is in Mar- 
shall, Canizares, & Schulz (2002). We restrict the event list to 
the nominal (0,2,3,4,6) grade set, and remove event streaks in 
the S4 chip (these are not related to the readout streak). Event 
energies are corrected for detector node-to-node gain varia- 
tions. The zeroth order position is determined and the ±1 order 
events are extracted for source and background regions. Bad 
columns are eliminated, as well as data which are affected by 
detector gaps. The extracted MEG (HEG) events have bins 
O.OlA (0.005A), or an ACIS pixel. The instrument effective 
area is based on pre-flight calibration data. We have assessed 
the zeroth order pileup and find that the pileup fraction (de- 
fined to be the fraction of all frames that have events > 2 pho- 
tons during that frame) is 86%. (The average count rates are 
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1. INTRODUCTION 

The discovery with ASCA of broad iron lines in active galac- 
tic nuclei (AGN; Tanaka et al. 1995, hereafter T95; Mushotzky 
et al. 1995; Nandra et al. 1997), which were predicted by 
Fabian et al. (1989), has opened the window for studying the 
innermost regions of the accretion flow and the strong gravity 
regime at about 10 gravitational radii (i.e. 10r g = lOGM/c 2 ) 
around a black hole (Fabian et al. 1995). At the present time 
this regime is only accessible to X-ray observations (optical 
and radio spectral line data from galactic nuclei probe matter 
at ~ 10 r^), and the iron line is widely accepted to be a com- 
paratively robust probe of the immediate environment closest to 
the supermassive black hole at the center of AGNs (see review 
by Fabian et al. 2000, and references therein). 

The best studied source and first to show the most extreme 
broad (Av ~ 100,000kms _1 , T95) iron Ka emission line is 
the luminous (L x ~ 10 43 ergs" 1 ) Seyfert 1 galaxy MCG-6- 
30-15 at z ~ 0.0078. The long 4.5-d ASCA observation in 
1994 which revealed the line to be broad also showed it to be 
skewed (T95; Iwasawa et al. 1996). The breadth and asym- 
metry of this line was subsequently confirmed by more long 
ASCA (Iwasawa et al. 1999, Shih, Iwasawa & Fabian 2002), 
RXTE (Lee et al. 1998, 1999) and BeppoSAX (Guainazzi et 
al. 1999) observations. The breadth of the line (a ~ 0.5 keV; 
Wku ~ 200 - 500 eV) if interpreted to be due to Doppler and 
gravitational broadening is consistent with the presence of rel- 
ativistically deep gravitational potentials at the center regions 
of AGN. Recently, Wilms et al. (2002) reported with XMM- 
Newton observations of MCG-6-30-15 during a "deep mini- 
mum" (e.g. Iwasawa et al. 1996) an extremely broad line with 
breadth extending between ^3-7 keV, confirming that the 
black hole is most probably rapidly spinning. See also Fabian 
et al. (2002) for results on a longer XMM look. 

In this Letter, we present the Chandra HETGS and simul- 
taneous RXTE observations of MCG-6-30-15 in order to as- 
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~ 1 cts s" 1 from Oth order, and 1 cts s" 1 from the total of all dis- 
persed events.) Accordingly, only 0.04ctss -1 are expected in 
single photon events making useful spectroscopic information 
difficult to extract from zeroth order. We use the software pack- 
age ISIS (Houck & DeNicola 2000) for the Chandra data anal- 
ysis 

We extract PCA (Proportional Counter Array) light curves 
and spectra from only the top Xenon layer using the FTOOLS 
5.1 software. Data from layer 1 of PCUs 0, 2, and 4 are com- 
bined to improve signal-to-noise at the expense of slightly blur- 
ring the spectral resolution. Good time intervals were selected 
to exclude any earth or South Atlantic Anomaly (SAA) pas- 
sage occulations, and to ensure stable pointing. We also filter 
out electron contamination events. L7-240 background data are 
generated using PCABACKEST v4.0c. The PCA response ma- 
trix for the RXTE data set was created using PCARSP V7.1 1. 
Background models and response matrices are representative of 
the most up-to-date PCA calibrations. 
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FIG. 1 . — MCG-6-30-15 light curve (excluding Oth order) binned at 200 sec- 
onds. The dashed lines at ~ 1.2cts~' denote the mean light curve count rate 
averaged over both observations. The 'high' and 'low' states discussed in §2.3 
are defined respectively to be above and below this value. 

2.1. Spectral Results 

The RXTE PCA is better suited for constraining the contin- 
uum shape as a consequence of its wide band coverage. From 
these data, we obtain the best-fit photon index T = 1 .93 ± 0.02. 
These fits were performed in XSPEC with a simple Galactic 
(4.06 x 10 20 cm" 2 ) absorbed power-law using the 3.3-4.6 keV 
and 8.0-10 keV spectral data (x 2 /dof = 5.96/6). The 4.6- 
8 keV energy range were excluded in order that we may obtain 
the best description of T with minimal bias from the red wing 
of the broad iron line which can extend redwards to well below 
5 keV (e.g. Fig. 3, Tanaka et al. 1995, Iwasawa et al. 1996), or 
even farther (e.g. Wilms et al. 2002, Fabian et al. 2002). 

We next determined the power-law normalization which best 
describes the Chandra HETGS spectrum by fitting the MEG 
and HEG (respectively, medium and high energy grating) 3 - 
4 keV data, with a power-law (V fixed at the best-fit RXTE 
value) modified by 2 x 10 21 cm" 2 absorption (to accomodate the 
warm absorber which has < 3% effect at 3 keV, and no effect 
at > 4 keV). This limited energy range was chosen in order to 
avoid contamination from the absorption features attributed to 
the warm absorber below 3 keV (e.g. Lee et al. 2001, Sako 
et al. 2002) and the broad Fe Ka emission above 4 keV. The 



continuum is defined as the extrapolation of this fit to include 
energies to 8 keV. 





Energy [keV] 

FIG. 2. — The power-law continuum described in §2.1 over-plotted on 
the HEG spectrum of MCG— 6-30-15. The data have been heavily binned 
(0.055 A) in order to emphasize the excess emission between ~ 5—6.5 keV 
that is attributed to the relativistically broadened Fe Ka emission. 
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FIG. 3. — The iron Ka emission profile from the long (4.5 day) ASCA ob- 
servation (Tanaka et al., 1995) in blue open circles, superposed on the heavily 
binned Chandra HEG spectrum (black filled circles) show that the line is broad 
and skewed, extending far into the red. 



2.2. The relativistic diskline 

Fig. 2 illustrates the power-law continuum described pre- 
viously over-plotted on the binned (0.055 A) HEG spec- 
trum - notice the clear excess between 5 and 6.6 keV. The cor- 
responding ratio plot of data-to-model in Fig. 3 further shows 
that the heavily binned Chandra data reveals a line profile very 
similar to that first discovered by T95. We note, however, that 
since a simple power-law is used to derive the line profile seen 
in this figure, it is possible that some fraction of the broad ex- 
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cess at ~ 5 keV can have contributions from the reflection spec- 
trum known to exist in this source (e.g. Lee et al. 1998, 1999). 

To further investigate the degree to which the relativistic disk 
line can account for the line profile of Fig. 3, we fit the Chan- 
dra data with a power-law plus diskline model modified by 
absorption. The power-law component is that described pre- 
viously and the diskline parameters are fixed at the T95 val- 
ues : accretion disk at inclination i = 30°, respectively in- 
ner (Ri n = 3.4/?s) and outer (R out = IQRs) radii , line energy = 
6.35 keV (6.4 keV in the galaxy frame), and radial emissivity 
a = 3 assuming a power-law-type emissivity function oc R~ a of 
the line. This model gives x 2 /d.o.f = 42/47, and Fe Ka flux 
(1.37 ±0.29) x 10" 4 phcm" 2 s _1 , with equivalent width W Ka ~ 
295 ± 1 1 8 e V. This is in good agreement with the broad iron line 
measured using the RXTE data which has Wkc = 398 ± 58 eV, 
comparable to previous RXTE (e.g. Lee et al. 1998, 1999) and 
ASCA measurements of this source (e.g. Iwasawa et al. 1996, 
1999). The apparent 'sharp drop' at 6.7 keV (Fig. 3) appears 
resolved (AE > 70 eV from peak to drop). A simple Galac- 
tic absorbed power-law (as discussed previously) plus Gaussian 
fit to the RXTE data gives £Ka(obs) = 6.21 ± 0.08 keV, Gaussian 
width a = 0.66 ±0. 1 1 (FWMH - 73, 000 km s" 1 ), and iron line 
flux I Ka = (2 . 1 3 ± . 3 1 ) x 1 0" 4 ph cm" 2 s" 1 . 
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FIG. 4. — Respectively from inner to outer contour, 68, 90, 99 per cent 
confidence limits on the iron Ka narrow core. The bottom panel shows the 
comparison of high (solid) versus low (dashed) state. 



2.3. The Fe Ka narrow component 

We next address the formal detectability of the iron line nar- 
row component and resolution of its width. We note that the 
count rate of the full 125 ks observation at the iron line en- 
ergies is ~ 20-30 ctsbin" 1 (where bin = 0.005A, or an ACIS 
pixel) and therefore sufficient for statistically meaningful errors 
derived from spectral fitting. Table 1 shows the narrow com- 
ponent parameters when fitting a Gaussian to the residuals of 
the best fit power law described in §2.1 (see also Fig. 5). The 



68, 90, and 99% confidence contours (3 free parameters and 
515 degrees of freedom) of Fig. 4 show that the narrow com- 
ponent is resolved at 99% confidence with a full width at half 
maximum (FWHM) ~ ll,000kms _I based on the full observa- 
tion, and ~ 3600 kms -1 from the 'high' continuum flux period 
(see below). (The statistical significance of the excess counts 
in the narrow component over a power law plus 10% to ac- 
count for the broad component is > 99.9%.) The line strengths 
shown in Table 1 are consistent with those found for the narrow 
core by Iwasawa (1996, 1999). Wilms et al. (2002) report an 
"unresolved" (at the XMM EPIC resolution which is < 4 x the 
Chandra HEG at the iron energies) narrow iron line with W^ a = 
38 eV. Fabian et al. (2002) attribute this to the blue wing of the 
disk line. 

If there is a constant narrow core due to fluorescence 
from material far from the black hole, such as a molecu- 
lar torus, then it should not vary during our observation and 
be strongest during the period of low continuum flux. To 
test for the presence of an intrinsically narrow core, we as- 
sess the variability nature of the narrow component, by sep- 
arating the data into a 'high' (67 ks; 0.4-10 keV unabsorbed 
flux /high = 5 x 10" 11 ergcm~ 2 s _1 ) and 'low' (58 ks; fi 0VJ = 
3 x 10~ n erg cm" 2 s" 1 ) flux states arbitrarily defined as above 
and below the mean count rate (Fig. 1) of the time averaged 
125 ks (/(0.4-10 keV) = 4 x 10 -11 erg cm" 2 s" 1 ) observation. To en- 
sure that there are sufficient counts, these data were binned to 
0.01 A to create the contour plots corresponding to the 'low' 
and 'high' state shown in Fig. 4. It can be seen that the region of 
overlap between these states exists only between the 90% con- 
fidence contours. This would indicate that the joint probability 
is ~ 1 % that the iron line narrow component is a narrow core 
from distant material. This is depicted in Fig. 5 which shows 
that a comparison of the high versus low flux data against the 
best fit power-law model reveals that the iron line narrow com- 
ponent is effectively absent from the low flux state; a could not 
be well constrained during this state because a very broad line 
(FMHM > 20, 000km s" 1 ) is required by the fit. We note the 
features blue-ward of 6.5 keV (e.g. at ~ 6.82 keV) seen during 
the high and low states are only marginally (< 2a) significant. 



Table 1 



Parameters of the Fe Ka resolved narrow component 


Parameter 


" ALL 


" HIGH 


Exposure 


125 ks 


67 ks 


Restframe energy (keV) 


6 40+ " 4 


6 39^ ,iB 


Line flux (10~ 5 phcirr 2 s~') 


4 2~ L6 


t n+1.6 


Gaussian width a (keV) 


10+ 004 
u - lu -O.04 


03+ 003 
u - u:, -0.02 


Velocity width (kms -1 ) 


5 0n0 +2000 
juuu_ 2000 


13 -700 


FWHM (km s" 1 ) 


lluuu -4700 


3600+ 3300 


Equivalent width (eV) 


110+ 38 


62+ 33 


X 2 1 dof 


562/515 


586/515 



Fits are assessed using the HEG data and errors are quoted at 90% 
confidence. " Data bins are 0.005A. Note that we were unable to 
constrain the velocity width of the narrow component during the low 
state. 
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Using the 125 ks observation, we can set limits on the un- 
resolved core by fixing the line energy at 6.4 keV and a to 
the resolution of the HEG (~ 1800 km s _1 FWHM) at that en- 
ergy, and assessing the 90% confidence for the line flux. The 
upper limit on an intrinsically narrow core is estimated to be 
F Ka ~6x 10" 6 phcm~ 2 s _1 , fractionally < 15% of the line 
strength for the narrow component shown in Table 1 . 



TIME AVERAGED (125 ks) 
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FIG. 5. — Ratio of data : power-law model shows that the Fe Ka narrow 
core is more prominent during the high state. Note that 6.35 keV is the ob- 
served energy of the 6.4 keV Fe Ka fluorescent emission in the rest frame of 
MCG-6-30-15. Data bins are 0.015A. 

3. DISCUSSION 

A clear measurement of the iron line narrow component with 
Chandra has implications for resolving differences in the inter- 
pretation of the breadth and origin of the iron line in MCG-6- 
30-15. This pertains specifically to whether part of the iron line 
originates from a torus outside the broad line region (Ghisellini, 
Haardt & Matt 1994; Yaqoob et al. 2001, Reeves et al. 2001), 
as opposed to the blue horn of the relativistic diskline. 

The possibility is small that a significant fraction of the broad 
line in MCG-6-30-15 is due to some distant material (e.g. a 
torus) based on the Chandra HEG data. It is more likely that 
the resolved narrow component is consistent with being the blue 
peak of a diskline (or possibly emission from the outer radii of 
the concave disk proposed by Blackman 1999). In particular, 
the Chandra HETGS data resolves the narrow component of 



the emission at 6.4 keV (6.35 keV observed) with a veloc- 
ity width - 4700 km s" 1 (FWHM ~ 11, 000 km s" 1 ). It has an 
Wko ~ HO eV, and is most pronounced when the continuum 
flux is high (FWHM - 4000 km s" 1 ). 

• The resolved narrow component of the F Ka emission 
seen in the HEG data of MCG-6-30-15 is significantly 
broader than expected from a torus outside the BLR 
(e.g. as seen in NGC 5548 with the HETGS - Yaqoob 
et al. 2001, or Markarian 205 with XMM EPIC - 
Reeves et al. 2001). 

• Since the torus is thought to be > 1 pc from the central 
source, reflection from this region should remain 
constant at average intensity levels. Therefore, we 
expect that such a component would be especially 
pronounced when the continuum flux is low. Yet, the 
narrow component is virtually absent from the low flux 
state in our data. This is consistent with the findings 
from ASCA data (Iwasawa et al. 1996, 1999). 

• The 90% confidence limit on an intrinsically narrow 
core is F^ a ~6x 10~ 6 phcm~ 2 s _1 , fractionally < 15% 
of the line strength of the narrow component, or 

~ 16 eV. This is significantly less than the ~ 60 eV 
found for the intrinsically narrow line thought to 
be from distant material found in the Seyfert 1 .9 
MCG-5-23-16 (Weaver et al. 1997). 

• The difference in the iron line between the periods of 
low versus high continuum flux is seen in the width 
rather than the flux in the line. This implies that the 
line cannot come from very distant material but that it 
comes from kinematically different (or kinematically 
variable) material in the low and high states. 

In summary, the Chandra HETGS data of MCG-6-30-15 
confirm the presence of a broad line, resembling in shape and 
strength the line seen first with ASCA (T95). The narrow com- 
ponent at ~ 6.4 keV is not narrow enough to be from distant 
matter and is plausibly the blue wing of a relativistic line. Any 
intrinsically narrow core has an equivalent width of less than 
16 eV, a small fraction of the total resolved narrow component 
(see Table 1). This is less than 25% of that expected if the X- 
ray source illuminates a distant molecular torus as commonly 
expected from Seyfert galaxy unification models (see e.g. Ghis- 
ellini et al. 1994 and references therein). 
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